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RESUMO

A acgdo da insulina é um processo essencial para o metabolismo glicidico e para a homeos-
tase da glucose em particular.

Recentemente, tem sido reconhecido um papel preponderante do estado nutricional para a
accdo da insulina, sendo dada uma relevancia cada vez maior aos estudos realizados no esta-
do pés-prandial, em detrimento do estado de jejum. De facto, se por um lado o pancreas é
essencial para a secrecdo de insulina, por outro lado, o figado parece ser importante na accédo
periférica (extra-hepatica) da insulina, através de uma via que apenas estd activa apds a refei-
¢do e que, quando alterada, induz ou agrava a condicdo de insulinorresisténcia. Tal é com-
pativel com as recentes observacdes de que as anomalias metabdlicas que ocorrem numa fase
de pré-diabetes sdo primeiramente evidentes no estado p6s-prandial.

Na presente revisdo irdo abordar-se os principais mecanismos de ac¢ado hipoglicemiante da
insulina numa perspectiva do organismo (whole-body), dando particular énfase as diferencas
entre a accdo da insulina no estado de jejum e no pés-prandial. Em particular, discutir-se-a
como diferentes tipos de refeicdo afectam a sensibilidade a insulina p6s-prandial e qual a rele-
vancia do mecanismo dependente da substancia hepatica sensibilizadora da insulina (HISS)
na acgao da insulina.

As abordagens no tratamento da insulinorresisténcia tém-se centrado quase exclusivamente
na insulina, tendo por base estudos realizados numa situacdo de estado estacionario (jejum).
Espera-se que a presente revisdao permita servir de ponto de partida para novas abordagens
e terapéuticas para reversdo da condicdo de insulinorresisténcia.

PALAVRAS-CHAVE
Insulina; Accdo da insulina; Via de transducdo de sinal da insulina; Estado prandial; Substancia
hepatica sensibilizadora da insulina (HISS).

ABSTRACT

Insulin action is an essential process for carbohydrates metabolism and for glucose homeostasis in
particular. Recently, it has been recognized the vital importance of the nutritional state for insulin
action, being given a higher relevance to the postprandial state in comparison with the fasted state.
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In fact, if the pancreas is essential for insulin secretion on one hand, on the other it has been also
described an hepatic pathway that contributes to increase peripheral (extra-hepatic) insulin action
following a meal. Impairment of this hepatic pathway leads to or aggravates insulin resistance, which
is in accordance with those reports claiming that the metabolic anomalies observed in the course
towards diabetes are first seen in the postprandial state.

In this review it will be provided a brief overview of the major mechanisms of insulin hypoglycemic
action in a whole-body perspective, giving particular emphasis to the differences in insulin action
between fasted and postprandial states. In particular, it will be discussed how different meal compo-
sitions affect postprandial insulin sensitivity and what is the relevance of the hepatic insulin sensitiz-
ing substance (HISS)-dependent mechanism for insulin action.

Until now, approaches to the treatment of insulin resistance have been focused almost exclusively on
insulin, being based on studies performed in a steady-state (fasted state). It is expected that the pres-
ent review may serve as a starting point for new approaches and therapeutics for reversion of insulin

resistance conditions.
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INTRODUCTION

Insulin action was discussed in the pre-
vious review from a molecular and cellular
perspective, supported in
obtained mainly from in vitro studies.
However, insulin action, in particular its
hypoglycemic action, can be studied at the
level of tissues, organs and whole-body (ex
vivo and in vivo studies). Insulin role in glu-
cose uptake has been studied in all sorts of
systems, such as tissues' or isolated organs
maintained under perfusion®.

It is unquestionable that the most objec-
tive way of performing these studies is in
vivo, despite of a higher degree of complexi-
ty. Several methodologies are described to
assess insulin sensitivity in vivo, both in ani-
mals and humans. For a review of the
methodologies available to assess insulin
sensitivity, consult additional publications®*.

Insulin hypoglycemic action involves glu-
cose distribution from the blood circulation to
tissues/cells. It is reasonable to assume that
this insulin-dependent glucose uptake by the
tissues is more relevant when the glycemia
rises, which, under physiological conditions,

information
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occurs after a meal (e.g.). Thus, the essential
role played by insulin in glucose homeostasis
is particularly important in the postprandial
state, not only because it has an inhibitory
action upon hepatic glucose production and
output, but mainly because it stimulates glu-
cose uptake by peripheral tissues, namely
skeletal muscle and adipose tissue. Indeed, it
is now assumed that reducing post-meal glu-
cose excursions is rather difficult, although
extremely important in people with diabetes
and impaired glucose tolerance’.

IMPORTANCE OF THE PRANDIAL
STATE FOR HYPOGLYCEMIC ACTION
OF INSULIN

Until recently, most diagnostics were
dependent essentially on fasting plasma
levels of glucose and/or insulin. However, a
better understanding of the pathophysiolo-
gy behind diabetes lead us to the observa-
tion that type 2 diabetes is characterized by
a decline in insulin secretion, essentially in
response to nutrient ingestion''. In fact, the
major complications related with insulin
resistance are primarily observed in the
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postprandial state®'***, which reflects a
higher need for insulin action. Thus, the tra-
ditional focus on the fasted state is inconsis-
tent with recent data, which indicates that
the metabolic defect in the pre-diabetic con-
dition relates more strongly to postprandial
deficiency than to the fasting state'>*.

It is estimated that 54 to 67% of the peo-
ple with reduced glucose tolerance present a
normal fasting glycemia’. Furthermore, a
meta-analysis of 20 European studies
revealed that about 31 % of the people that
were diagnosed with diabetes using the
postprandial glycemia had also normal
fasting glycemia’®, suggesting a clear differ-
ence in the regulation of glucose homeosta-
sis before and after a meal. On the other
hand, fasting insulinemia, which has also
been used as a surrogate for insulin resist-
ance, bears a nonlinear relationship to
insulin action directly measured” and its
applicability also seems to fail when there is
even subtle p-cell failure'.

The awareness of the importance of
postprandial insulin action and glucose
homeostasis has led to recent guidelines
issued by the International Diabetes
Federation (IDF), aiming to control post-
prandial blood glucose levels’.

In the past decade, several studies have
highlighted the importance of postprandial
insulin action. It has been observed that
under physiological conditions insulin
action is significantly higher in the post-
prandial than in the fasted state' .
Indeed, although there is no consensus about
which nutrients or types of meal are the most
effective in producing the increment in
insulin action, the majority of the studies
that compare insulin sensitivity before and
after a meal suggest that insulin action is
higher in the postprandial state'. Animal
experiments have demonstrated that insulin
action increases following a meal, when this
meal was provided ad libitum, i.e., without
restriction'*??, when it was delivered endo-
gastrically by gavage” or when it was given
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intragastrically via a surgically-placed gas-
tric catheter”. Additionally, experiments
performed by our group suggested that for
the meal-induced insulin sensitization to
occur, the meal must reach the intestine
(Afonso and Macedo, unpublished observa-
tions).

Recently, this same meal-effect on
insulin sensitivity was also shown in
humans®. In healthy individuals, with a
body mass index (BMI) of 23.3+0.8 kg/m?,
insulin sensitivity was assessed before (24 h
fasting) and after ingestion of a standard
test meal; it was observed that insulin sensi-
tivity in the postprandial state was about 3
times higher than that in the fasted state®.
When the same protocol was applied to
individuals with excess weight (BMI of
27.7+0.4 kg/m?), a condition usually associ-
ated with the decrease of insulin sensitivity,
insulin action in the fasted state was similar
to that observed in normal-weight individu-
als; however, the excess-weight individuals
presented a significant impairment of the
postprandial insulin sensitivity (Patarrdao
and Macedo, unpublished observations).

These data, both animal and human,
suggest that early stages of insulin resistance
may already exist, but can only be detected
in the postprandial state. Thus, from a clini-
cal point of view, it becomes particularly rel-
evant to assess insulin action in the post-
prandial state, since it is when the first man-
ifestations of insulin resistance seem to
occur, still in a pre-diabetic and asympto-
matic stage.

THE RELEVANCE OF MEAL COMPO-
SITION FOR POSTPRANDIAL
INSULIN ACTION

Mixed-meals, composed by proteins,
lipids and carbohydrates, were used in the
experiments described in the previous sec-
tion. Further evaluation of the impact of
meal composition on
revealed that meals composed by carbohy-

insulin action
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drates only (glucose or sucrose) do not
induce an increase in insulin action from
fasted to fed state*.

Indeed, unlike mixed-meals, glucose
and sucrose are clearly incapable of produc-
ing the prandial signal that leads to poten-
tiation of insulin action after a meal®.
Therefore, neither glucose nor sucrose seems
to be adequate to mimic the postprandial
condition.

This is very important from a clinical
point of view, since it suggests that studies of
insulin action using glucose test meals, such
as the oral glucose tolerance test (OGIT),
are not the most appropriate to evaluate
insulin action in the postprandial state,
unlike tolerance tests that that use mixed-
meals, i.e., meal-tolerance tests (MTT).
According to other authors, the mixed-
meal-based tests (MTT) provide higher
insulin sensitivity indexes than the OGTT or
the hyperglycemic clamp®. Probably due to
this, the use of mixed-meals allow greater
capacity to simultaneously detect differ-
ences in both glycemic and insulinemic pro-
files than OGTT, in particular in insulin
resistant models®.

ROLE OF THE AUTONOMIC NERVOUS
SYSTEM IN GLUCOSE HOMEOSTASIS

Autonomic nervous system is the major
mediator of physiological responses to both
internal and external stimuli.

Autonomic nervous system can be divid-
ed in sympathetic (SNS) and parasympa-
thetic nervous system (PNS), both of which
enervate the GI tract. PNS and SNS usually
act in a reciprocal way, i.e., the increase in
activity of one of them is accompanied or
induces a decreased activity of the other®.
However, although the reciprocity between
sympathetic and parasympathetic nervous
systems is the general rule, there are some
exceptions, in certain physiological condi-
tions; e.g., in hypoglycemic conditions, acti-
vation of both sympathetic and parasympa-
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thetics induces the release of glucagon by a-
pancreatic cells®.

Generally speaking, regulation of
glycemia and glucose homeostasis, one can
consider that SNS and PNS have antagonic
effects: usually, the PNS acts towards facili-
tation of peripheral glucose uptake, where-
as the SNS leads to a rise in glycemia,
through reduction of glucose uptake and
increase of hepatic glucose production.

SNS contribution for regulation of
glycemia and peripheral glucose distribution
is done, for instance, by control of the vascu-
lar tone, which regulates blood flow to a par-
ticular system or tissue, but mostly through
its hepatic effects. Indeed, under stress and/or
hypoglycemic conditions, SNS activation
leads to stimulation of both glycogenolysis
and gluconeogenesis, therefore increasing
glucose efflux from the liver into the circula-
tion. Gardemann and Jungermann (1986)
determined that the neural-induced increase
in glucose output from the liver is due to SNS
rather than PNS activity, since they observed
that hepatic neuronal stimulation, after o-
and p-adrenergic blockade, did not induce
hepatic glucose output”. Nevertheless, others
claim that stimulation of hepatic glycogenol-
ysis and gluconeogenesis by SNS activation
have a small contribution to the hepatic
response to hypoglycemia, as long as the
hormonal regulatory systems remain
intact®®. Thus, regulation of the endogenous
glucose production seems to be mediated
essentially by modulation of insulin
(decrease) and glucagon (increase) secretion,
and by the SNS”.

Activation of the PNS (vagal) occurs dur-
ing ingestion of a meal*?. The vagus nerve
innervates almost all organs involved in
digestion, absorption and metabolism of
nutrients. Therefore, it profoundly influ-
ences the metabolic processing of food*.
Several authors have observed that the PNS
plays a key role in regulation of glycemia
through pancreas and
tions'®*?*3! Indeed, vagal electrical stimu-

liver innerva-
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lation seems to increase glucose or meal-
induced insulin secretion®, which is
impaired by muscarinic antagonism?®,
although these observations are not consen-
sual***. Interestingly, prolonged hyperinsu-
linemia can lead to impairment of
parasympathetic signaling*, which can
explain eventual autonomic nervous dys-
functions in pathophysiological conditions
associated with hyperinsulinemia, such as
obesity”. In addition, specifically at the
hepatic level, Gardemann and Jungermann
(1986) observed that parasympathetic stim-
ulation has direct effects on glucose metab-
olism”, which are synergistic with insulin
action and antagonic from glucagon
action, such as activation of glycogenesis
and inhibition of glycogenolysis and gluco-
neogenesis®***. Xie and co-workers further
observed that surgical ablation of hepatic
parasympathetic nerves reduces peripheral
insulin sensitivity in the postprandial
state*, which was reversed by intraportal
acetylcholine administration®.

RELEVANCE OF THE LIVER FOR
INSULIN ACTION AND GLUCOSE
HOMEOSTASIS

The central role of the liver in glucose
uptake by peripheral (extra-hepatic) tissues
has long been acknowledged by several
authors>?#314042,

In the fifties, Lang and co-workers
observed that performing an hepatectomy
in healthy animals leads to an impairment
of the peripheral glucose uptake of about
60%, which could not be reversed by high-
dose insulin administration®. These authors
suggested at that time that the liver releases
a humoral agent capable of potentiating
glucose uptake by extra-hepatic tissues®. In
the following decade, Mertz e Schwartz con-
firmed the essential role of the liver in
peripheral glucose uptake, through the
observation that the reduction of glucose
uptake in eviscerated was reversed by
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administration of an extract of fresh liver**'.

In the last decade of the past century,
Petersen e Tygstrup observed that the inclu-
sion of isolated rat liver in a skeletal muscle
preparation with a recirculatory system sig-
nificantly increased glucose uptake by the
skeletal muscle?, these authors further
observed that the rate of glucose incorpora-
tion into the muscle decreases when the liver
was removed from the system, presenting a
30-min half-life, suggesting that the liver
releases a humoral factor which increases
glucose uptake by the skeletal muscle’.

The hypothesis that the process of
insulin-dependent glucose uptake depends
not only on insulin action per se, but also on
an hepatic mechanism that potentiates
insulin hypoglycemic action, has evolved
enormously mainly through the contribu-
tion of Lautt and co-workers in the past 15
years. In 1993, these investigators realized
for the first time that hepatic parasympa-
thetic nerves are essential for peripheral
glucose uptake and homeostasis*®, which
was also confirmed by Moore and co-work-
ers*. This parasympathetic activity is part of
a pathway that is specifically stimulated in
the postprandial state and it is responsible
for 50 to 60% of insulin hypoglycemic
action after a meal”. Lautt and co-workers
then suggest that such pathway involves
the release of an hepatic humoral factor,

which potentiates peripheral insulin
action™**,
Thus, meal-induced increment in

insulin sensitivity seems to rely mostly on
an hepatic mechanism that involves hepat-
ic parasympathetic nerves and culminates
in the release of a humoral factor — the
hepatic insulin sensitizing substance (HISS)
-, which potentiates peripheral insulin
action.

One can consider that insulin hypo-
glycemic action in the postprandial state
can be divided in two components, which
act synergistically to increase glucose
uptake. The first component is insulin
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action per se, which corresponds to direct
action of the insulin molecule on target
cells, stimulating its receptor and activating
the signaling transduction pathway(s). The
second component is a HISS-dependent
component of insulin action, in which HISS
release from the liver is required to potenti-
ate peripheral insulin hypoglycemic action.

THE HISS PATHWAY AND MEAL-
INDUCED INSULIN SENSITIZATION

Meal ingestion promotes insulin secre-
tion from the pancreas and activation of the
PNS*. This parasympathetic activation is
extremely important for glucose homeosta-
sis****, since it triggers the mechanism of
HISS synthesis, action of which is essential
for postprandial insulin sensitivity*. Indeed,
Lautt’s group observed that surgical abla-
tion of hepatic anterior plexus induces pro-
nounced peripheral insulin resistance,
which is caused specifically by the loss of
parasympathetic function®*.

This hepatic parasympathetic reflex
seems to be mediated by muscarinic recep-
tors present in the liver, reason why intra-
portal atropine administration induces sig-
nificant peripheral insulin resistance®.
Atropine-induced insulin resistance is dose-
dependent”** and does not aggravate
insulin resistance caused by ablation of
hepatic anterior plexus**. Furthermore,
intraportal, but not intravenous, acetyl-
choline administration completely reverses
insulin resistance induced either by abla-
tion of hepatic anterior plexus or by
atropine administration®; on the other
hand, acetylcholine administration to ani-
mals with intact hepatic parasympathetic
nerves does not have any additional effect
on insulin sensitivity®.

Many of acetylcholine biologic actions
are mediated by nitric oxide (NO)*. Indeed
both L-NMMA and L-NAME, competitive
inhibitors of NO synthase (NOS), reduce
insulin sensitivity, but only when adminis-
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tered intraportally®*. Furthermore, hepatic
NOS inhibition in animals previously sub-
mitted to hepatic parasympathetic denerva-
tion does not produce any additional insulin
resistance, whereas intraportal administra-
tion of the NO donor SIN-1 completely
reversed insulin resistance caused either by
hepatic NOS inhibition or hepatic denerva-
tion*. Additional experiments performed by
our group showed that hepatic acetylcholine
induces hepatic NOS activation and conse-
quently increases NO synthesis, and not the
other way around®, as described by others
for NO metabolism in different systems®**.

Thus, parasympathetic nerves induce the
release of acetylcholine in the liver, leading to
an increase in hepatic NO synthesis, which
seems to be necessary for HISS synthesis.

Additionally, several authors observed
that depletion of hepatic glutathione levels
(GSH, reduced form) directly leads to
impairment of glucose tolerance*. In fact,
our studies showed that hepatic GSH deple-
tion through inhibition of its synthesis leads
to a condition of insulin resistance similar
to that produced by hepatic NOS inhibition,
which is not reversed simply by SIN-1
administration®, suggesting that both NO
and GSH are required, but not sequential
steps in HISS synthesis. This was later con-
firmed by the observation that intraportal
co-administration of NO and GSH donors
increases insulin sensitivity, which does not
occur when those donors are given sepa-
rately or intravenously*. Recent experi-
ments performed by Punithavathi and co-
workers support these conclusions, since
they observed that reversion of insulin
resistance in several animal models implies
the increase of GSH levels”.

In summary, from what is known so far,
HISS synthesis is initiated following meal
ingestion, through an hepatic parasympa-
thetic reflex that involves acetylcholine
release in the liver. Acetylcholine activates
hepatic muscarinic receptors, stimulating
hepatic NOS and NO production, which, in
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the presence of GSH, leads to HISS synthesis.
HISS is then released from the liver potentiat-
ing peripheral insulin action, namely at the
skeletal muscle. The known steps in HISS syn-
thesis and action are represented in figure 1.

FIGURE 1

T imcrmeing levmls
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Pathway of hepatic insulin-sensitizing substance (HISS). In the postprandial
state, hepatic parasympathetic nerves are stimulated and the resultant
acetylcholine binds to muscarinic receptors, activating hepatic nitric oxide
synthase (NOS) and consequently increasing nitric oxide (NO) production.
In addition to NO, hepatic glutathione (GSH) is also essential for the synthe-
sis and/or release of HISS from the liver. HISS induces an increase in post-
prandial insulin-dependent glucose uptake in 50-60%, by acting primarily in

the skeletal muscle (adapted from®).

HISS action seems to be directed mainly to
skeletal muscle, the major tissue responsible
for glucose uptake®, as represented in figure
1. The work performed by Petersen e Tygstrup
in 1994 already suggested that a humoral
factor released by the liver increases glucose
uptake in skeletal muscle?. Afterwards, using
arterial-venous gradients, Xie and Lautt
demonstrated that the main site affected by
HISS inhibition is the skeletal muscle, suggest-
ing that this organ is the main target for HISS
action®. This is consistent with the observa-
tions that the skeletal muscle is the major glu-
cose uptaker by an insulin-dependent mecha-
nism***°. Alterations of glucose uptake by the
muscle are also the primer responsible for
postprandial hyperglycemia in insulin resis-
tante states®**.

HISS-dependent insulin action is regu-
lated by the prandial state, being maximal
after a meal and inhibited/absent by fast-
ing"****. Indeed, HISS action increases sig-
nificantly 1-2 h after food ingestion, both
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when the access to nutrients is ad libitum
and when the food is provided by gavage
(endogastric administration)®. In rats tested
after different fasting periods (O h, 6 h, 18 h
and 24 h), it was observed that insulin sen-
sitivity decreases progressively with the
duration of fasting, which was caused by a
progressive decline in HISS action”. HISS-
independent insulin action, on the other
hand, is not affected by the prandial state”.

Additionally, according to our studies,
meal composition is also an important reg-
ulating factor on HISS pathway activation
(figure 1). In fact, carbohydrate meals are
not effective triggers of HISS mechanism,
whereas mixed meals are capable of stimu-
lating HISS synthesis and therefore allowing
for meal-induced insulin sensitization to
occur®. Indeed, neither intragastric glucose
nor sucrose induced a normal increment of
fasted insulin action, but a meal composed
of proteins, lipids and carbohydrates,
administered intragastrically did increase
peripheral insulin sensitivity significantly,
in a volume-independent manner?.
Furthermore, denervation of hepatic anteri-
or plexus (parasympathetics) prevents
meal-induced insulin sensitization and
either hepatic parasympathetic denervation
or atropine administration, performed after
mixed-meal ingestion, inhibited insulin
sensitivity to levels similar to those observed
in the fasted state, suggesting the involve-
ment of HISS mechanism?'.

As previously noted, these observations
are extremely relevant from the nutritional
and clinical perspective, because one of the
most widely used tolerance tests, the OGTT,
does not take in consideration either the
fact that insulin action is higher in the fed
than in the fasted state, or the fact that HISS
is required for maximal insulin action,
which is not triggered by carbohydrates
alone. Indeed, if glucose is not an efficient
activator of HISS pathway, OGTT neglects
the HISS-dependent component of insulin
action, which represents 50-60% of total
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insulin action in the postprandial state.
Thus, eventual alterations in HISS synthesis
and/or action cannot be detected by the
OGTT, not allowing an early identification
of a pre-diabetes condition, which would
have been detected through the use of a
mixed-meal.

Subsequent studies revealed that the
meal must reach the intestine to properly
trigger HISS synthesis/action and stimulating
meal-induced insulin sensitization (Afonso
and Macedo, unpublished observations).
This is consistent with the concept that,
although the stomach is the main organ in
digestion, it is in the small intestine where
most nutrient absorption occurs and different
intestinal portions are responsible for the
absorption of different nutrients and for
secretion of different substances, which vary
according with prandial state®***. On the
other hand, it is described that PNS, which is
essential for HISS pathway, is modulated by
the prandial state*. The presence of certain
aminoacids in portal circulation seems to
activate hepatic parasympathetics® and dif-
ferent nutrients or hormones in portal circu-
lation, such as glucose, aminoacids and
somatostatin, affect hepatic parasympathet-
ics*. Additional studies also associate hepat-
ic GSH levels with the prandial state***’.

Thus, HISS is inactive in the fasted state
and it is released from the liver after a
mixed-meal. This seems to be an important
physiological mechanism to selectively
increase glucose uptake by the skeletal mus-
cle when glucose absorption is high, i.e.,
after a meal, and to diminish glucose
uptake in sparing conditions, such as the
fasted state (figure 1).

The lack or impairment of HISS-depend-
ent insulin action was shown to contribute
for postprandial insulin resistance in sever-
al pathophysiological conditions usually
associated with insulin resistance and/or
type 2 diabetes. Indeed, HISS pathway
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decreases with aging® (Lautt et al, 2008),
high-sucrose feeding®, hypertension®’° and
obesity* "7,

In obesity in particular, HISS impair-
ment seems to be the main contributor for
the observed postprandial insulin resist-
ance. In fact, HISS action is significantly
impaired both in genetic obesity” and high-
fat diet-induced obesity”’. Moreover, our
studies have demonstrated that the HISS-
dependent insulin action is negatively cor-
related with both whole-body and abdomi-
nal adiposity, suggesting a clear relation-
ship between fat mass accumulation and
HISS pathway impairment (Afonso et al,
unpublished observations). In humans, we
have also observed that excess weight is
associated with impaired insulin sensitivity,
for which the decrease in HISS action is an
important factor (Patarrdo and Macedo,
unpublished observations).

HISS-dependent component is already
described in several animal models, such as
cats®*¥, rats’**, dogs® and mice”, with no
differences observed between males and
females®*’. Recently, experiments per-
formed by our group revealed the existence
of the HISS pathway also in humans*”.

HISS AND POSTPRANDIAL
POTENTIATION OF INSULIN
ACTION: GUT-BRAIN-LIVER
AXIS?

Gastrointestinal tract, enteric nervous
system and central nervous system® seem to
be involved in a two-way communication
(efferent and afferent)’, composed by sym-
pathetic, parasympathetic and afferent sen-
sorial fibers, required for the so-called gut-
brain axis signaling”. Gut (enteric) hor-
mones also seem to stimulate sensorial
nerves and activate autonomic reflexes in
the postprandial state”®. Although it is not

(1) The term “enteric nervous system” was proposed by Wingate in 1981, to characterize a third division of the autonomic nervous system, formed by a neu-

ronal network, intrinsic to the gastrointestinal tract’®.
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yet clear how this mechanism contributes
for glucose homeostasis, it seems to require
an interaction between gastrointestinal
tract, central nervous system and effector
organs involved in regulation of glycemia,
namely pancreas and liver. Some authors
suggest that this autonomically-mediated
metabolic reflex is anticipatory, since it
allows the peripheral tissues to prepare for
the adequate handling of nutrients”. They
also claim that diabetes is associated with
impairment of such anticipatory reflex”.

The gut-brain-liver interactions seem to
be mediated by autonomic nervous system,
and by the PNS in particular, which is stim-
ulated by ingestion of a meal and it is
involved in peripheral glucose uptake®. As
previously mentioned, the prandial signal
that leads to HISS synthesis depends on ele-
vation of hepatic GSH and hepatic
parasympathetic activation, both resultant
from meal ingestion®***¢. Thus, the HISS
mechanism seems to fit within such gut-
brain-liver axis. Recent data obtained by
our group further supports the involvement
of HISS in this gut-brain-liver axis, since we
recently observed that the intestine plays a
key role in the process of postprandial acti-
vation of HISS pathway, through absorption
of substrates required for GSH synthesis and
stimulation of PNS (Afonso and Macedo,
unpublished data). These data also seem to
fit in the hypothesis previously launched by
Lautt, according to whom HISS pathway
results from a centrally-mediated reflex®. In
this context, we propose the involvement of
the gut-brain axis in hepatic activation of
HISS synthesis/release.

Gut-brain axis depends on vagal stimu-
lation, but it is described only in control of
exocrine pancreas secretions and enteric
motility, secretion and flux’"’®. Additionally,
other authors observed that this gut-brain
reflex also affects the liver, although such
description is restricted to hepatic glucose
production®. Therefore, considering these
and our results, one can speculate about the
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existence of an association between the gut-
brain axis and the hepatic mechanism of
insulin sensitization.

In fact, insulin action increases after
ingestion of a mixed-meal, through a mech-
anism that depends on hepatic parasympa-
thetic nerves, in resemblance with gut-brain
reflex, vagally  mediated”’’.
Furthermore, postprandial potentiation of
insulin action seems to be triggered in the
upper intestine (duodenum), which suggests
the existence of a prandial reflex initiated
in the gut following a mixed-meal. Such
prandial reflex may be centrally mediated
and involves the parasympathetic nervous
system, which, along with high levels of
hepatic GSH, activates the hepatic mecha-
nism of HISS synthesis and/or release, pro-
moting peripheral insulin action. This
hypothesis is represented in figure 2.

also

FIGURE 2

tage=sion of &
mied-raal

Gluccse W |

Proposed hypothesis for activation of the hepatic insulin sensitizing substance
(HISS) pathway following a meal. Intestinal nutrient absorption after a mixed-
meal (composed of proteins, lipids and carbohydrates) allows glutathione
(GSH) synthesis that is essential for synthesis/release of HISS; simultaneously,
a postprandial mechanism is triggered in the intestine, which seems to
involve central nervous system (CNS) and stimulates the liver, through
parasympathetic nerves, for HISS synthesis and release — entero-cerebral-
hepatic hypothesis. HISS then acts at the skeletal muscle to potentiate insulin-
dependent glucose uptake. Cys, cysteine; @ activation. Adapted from®'.

CONCLUSION

Insulin plays a central role in carbohy-
drate metabolism. Normal insulin action is
physiologically required to regulate glucose
homeostasis. Pathological insulin resistance
constitutes the most important and serious
event in the progression towards diabetes in
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such a way that most therapeutic strategies
are firstly aimed at increasing peripheral
insulin sensitivity. So far, most of these strate-
gies have been supported by insulin sensitiv-
ity studies based on a steady-state approach,
i.e., fasted state. However, huge differences in
terms of insulin sensitivity/resistance and
glucose homeostasis have been recently
acknowledged between fasting and post-
prandial conditions. In fact, based on obser-
vations that alterations in carbohydrates
metabolism occur firstly and more dramati-
cally in the postprandial state, IDF as recent-
ly issued guidelines that aim specifically at
the management of postprandial glycemia.

Insulin action depends not only on
insulin action per se, i.e., direct insulin
action in its receptor, but also on an hepat-
ic mechanism (HISS) that is responsible for
potentiation  of  peripheral (extra-
hepatic)insulin action following a meal.
This mechanism, which involves parasym-
pathetic activation and seems to be trig-
gered at the intestine, is active only in the
postprandial state. Furthermore, this meal-
induced insulin sensitization seems to be
sensitive to meal composition. Mixed-
meals, composed of proteins, lipids and car-
bohydrates, are capable of triggering the
meal-induced insulin sensitization, unlike
carbohydrates alone (e.g., glucose or
sucrose), which do not trigger this mecha-
nism. Thus, insulin sensitivity increases sig-
nificantly following a mixed-meal, but not
after glucose. Therefore, testing insulin sen-
sitivity either in the fasted state or after a
glucose meal neglects the contribution of
the hepatic (HISS)-dependent mechanism
for insulin action, possibly leading to false
negatives in detection of insulin resistance.

Hopefully, the observations reviewed
herein will re-direct our clinical approach
towards postprandial evaluation of insulin
resistance, rendering better results both in
terms of early diagnosis and treatment of
insulin resistance.
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